The lytic bacteriophage T4 uses multiple mechanisms to initiate the replication of its DNA. Initiation occurs predominantly at replication origins at early times of infection, but there is a switch to genetic recombinationdependent initiation at late times of infection. The T4 insertion-substitution system was used to create a deletion in the T4 dda gene, which encodes a 5'-3' DNA (11). In vitro, the gene 41 DNA helicase processively unwinds DNA in the 5'-to-3' direction (i.e., moving along the lagging strand at the replication fork) (25, 31) and greatly stimulates the rate of DNA strand displacement DNA synthesis at a replication fork. It also interacts with the T4 gene 61 protein (the DNA primase that makes the RNA primers for Okazaki fragment synthesis) to form the T4 primosome (25, 29) .
synthesis eventually reached nearly wild-type levels, and the final number of phages produced per bacterium was similar to that of the wild type. When the dda mutant phage also contained a mutation in T4 gene 59 (a gene normally required only for recombination-dependent DNA replication), essentially no DNA was synthesized. Recent in vitro studies have shown that the gene 59 protein loads a component of the primosome, the T4 gene 41 DNA helicase, onto DNA. A molecular model for replication initiation is presented that is based on our genetic data.
One of the key events in the initiation of bacteriophage T4 DNA replication is likely to be loading of the T4 gene 41-encoded DNA helicase onto the DNA template. Protein 41 is essential for DNA synthesis during T4 infection (11) . In vitro, the gene 41 DNA helicase processively unwinds DNA in the 5'-to-3' direction (i.e., moving along the lagging strand at the replication fork) (25, 31) and greatly stimulates the rate of DNA strand displacement DNA synthesis at a replication fork. It also interacts with the T4 gene 61 protein (the DNA primase that makes the RNA primers for Okazaki fragment synthesis) to form the T4 primosome (25, 29) .
The molecular events that lead to the loading of the gene 41 protein at replication origins during early times of infection are not known, but the phenotype of T4 dda helicase mutants suggests that the Dda protein plays a role. Little (24) found that infections with phage carrying deletions that remove a significant fraction of the DNA between genes 39 and 56 (which delete the dda gene) show a substantial delay in DNA synthesis at early times of infection, but-because nearly normal amounts of DNA are eventually produced-phage burst size is reduced only slightly. We have previously shown that the dda gene is essential only when the phage also carries a mutation in T4 gene 59 (10, 13; this gene is discussed below). Unfortunately, the dda mutant and dda 59 double mutant phage strains used in those studies either carried extensive deletions that also removed genes flanking the dda gene or contained mutations in additional genes. As a result, it was uncertain whether the phenotype of these phage was due only to a dda deficiency.
Although the physiological role of the Dda helicase is not clear, a great deal has been learned about its biochemical properties from in vitro studies. The Dda protein was originally isolated as a DNA-dependent ATPase by Ebisuzaki and coworkers (2, 7) . Like the gene 41 helicase, the Dda protein unwinds DNA in the 5'-to-3' direction, stimulates the rate of DNA strand displacement DNA synthesis at an in vitro * Corresponding author. Fax: (415) 476-0806. replication fork, and removes DNA-binding proteins that block replication fork movement (la, 16) . Since no increase in the rate of replication fork movement is observed when the Dda protein is added to in vitro reactions that have been stimulated by the gene 41 protein, the two DNA helicases do not appear to act synergistically at the fork (16) . The Dda protein differs from the gene 41 protein by (i) acting distributively (continuously dissociating and reassociating with the DNA molecule being unwound) rather than processively and (ii) not forming a primosome with the gene 61 protein (16) .
Although no UV sensitivity or genetic recombination deficiencies have been detected during growth of dda mutant phage, involvement of the Dda protein in DNA recombination has been suggested by results of in vitro studies. The Dda protein stimulates the rate of UvsX protein-catalyzed DNA branch migration fourfold and binds to the UvsX protein (a T4-encoded RecA analog) (12, 15, 18 (5, (33) (34) (35) . The suppression is not due to restoration of recombination-dependent DNA replication but rather to the mutant allowing some other mode of DNA replication (possibly origin-dependent replication) to occur (9) . The UvsW protein is thought to govern the switch from origin-dependent to recombination-dependent initiation of DNA replication by inhibiting initiation at replication origins.
Although the UvsW protein has not been characterized biochemically, in vivo experiments have led some researchers to suggest that it has RNase H or RNA-DNA helicase activity (9, 23) .
To further examine the role of the dda and 59 genes during T4 DNA replication, the T4 insertion-substitution system (30) was used to construct a deletion that removes only DNA sequences within the dda gene, and DNA synthesis was monitored during infection by the mutant. Phage strains carrying mutations in both the 59 and dda genes were also constructed and analyzed. In addition, 59 dda double mutant pseudorevertants were isolated and their sensitivity to production of the UvsW protein was examined.
MATERIALS AND METHODS
Bacterial and phage strains. Escherichia coli CR63 (supD), NapIV (supo), and NapIV (supo) optA41 stocks are maintained in our laboratories and have already been described (14) . E. coli MH1, which can be made competent for high-frequency transformation, was obtained from Michael Hall, University of Basel, Basel, Switzerland. T4 phage strains L148 (dexA and dda point mutations), sudl (dexA and dda deletions), amHL628 (59 mutant), and amB22 (43 mutant) have been previously described (13, 14) . T4 I/S (38 51 denA denB) (30) Enzymes. All restriction enzymes and DNA-modifying enzymes were purchased from New England BioLabs unless otherwise noted. T4 polynucleotide kinase was obtained from Pharmacia LKB Biotechnology Inc., and the T4 DNA polymerase was purified in the laboratory of Bruce Alberts in accordance with published procedures (27) .
Plasmids. Plasmid pKHdda contains the dda gene downstream of the X leftward promoter, PL, controlled by the c1857 repressor encoded by the plasmid; this plasmid has been previously described (15) . Plasmid pBSPLO+ is a pBR322 derivative containing a fusion of the T4 gene 23 promoter to the supF gene (30) . Plasmid pLD-del6, which expresses the uvsW gene, and plasmid pLD-del4, which does not express the uvsW gene, were the generous gifts of Leslie Derr and Ken Kreuzer.
Growth of phage and bacteria. The procedures and media used for genetic crosses have been previously described (11) . Phage and bacteria were grown in M9 medium (14) for measurement of DNA synthesis. Equal inputs of parental phage were used for crosses during strain constructions (10) .
Measurement of DNA synthesis. DNA synthesis was measured as incorporation of [methyl-3H]thymidine into trichloroacetic acid-insoluble material as described by Gauss et al. (14) .
Generation (32) . After transformation into bacterial strain MH1 by standard methods (26) , the plasmid construct called pKHddadell was verified by restriction enzyme mapping.
Generation of T4 KHI phage. T4 I/S phage containing the deletion in the dda gene were generated by substituting the modified dda gene from plasmid pKHddadell for the wild-type dda gene in the T4 I/S phage by using the T4 insertion-vector protocol as described by Selick et al. (30) . To screen for T4 I/S phage containing the deletion in the dda gene, phage were plated on host CR63 on NZCYM media plates (26) (26) . Plaques that did not hybridize with the oligonucleotide were isolated, added to 5 ml of CR63 in Luria-Bertani medium, and incubated for 2 h at 37°C. Cells were removed by centrifugation, and phage DNA was isolated and digested with EcoRV and with both EcoRV and SspI as described by Kreuzer and Alberts (21) . Southern blotting with the abovedescribed 32P-labeled oligonucleotide as a probe was used to confirm the identity of the phage called T4 I/S KH1, whose DNA did not hybridize with this oligonucleotide.
Phage T4 I/S KH1 carries the new deletion mutation in the dda gene, as well as the mutations in genes rII, 37, and 51 of the original I/S phage (30) . To remove these mutations, a cross was performed with T4 phage sudl, which contains a large deletion in the gene 39 to 56 interval that encompasses the dda and dexA genes. The progeny of the cross were plated on bacterial host strain LG1900 (NapIV optAI4), which restricts the growth of dexA, 37, or 51 mutant phage. Only phage carrying the constructed dda mutation form plaques. The progeny phage were then screened for the presence of an rII mutation by being plated on host strain CR63 (X) (rII mutants are restricted on a host with a A lysogen). One of the nonrestricted phages, designated T4 KH1, was crossed to amHL628 (5, 11, 33) to construct the dda 59 double mutants described in this report.
RESULTS
Deletion of the dda gene results in a delay in early DNA synthesis during T4 infection. To determine whether the previously reported delay in DNA synthesis during infection by dda mutant phage containing multiple mutations was due solely to a dda gene mutation, the T4 insertion-substitution system was used to construct mutant KH1, which is identical to the wild type except for deletion of DNA sequences within the dda gene (15, 30) . To ensure that KH1 phage had not picked up a dexA mutation found in many previously characterized dda mutant phage strains, the phage were plated on an optA mutant host, LG1900. Because, as shown in Table 1 , no restriction of KH1 phage growth was observed, the KH1 phage isdexA+ (14) .
DNA synthesis during infection by wild-type and various dda mutant phages is shown in Fig. 1 (10) . DNA synthesis during infectio dda 59 phage, PG20, is shown in Fig. 2A . studied dda 59 strains (Fig. 2B) , the PG20 r "DNA zero" phenotype ( Fig. 2A) Fig. 2A and B) .
Mutations in the uvsW gene partially suppress the DNA synthesis defect in 59 dda double mutant infections. When growing the dda 59 double mutant phage, a significant number of apparent revertants capable of making plaques on nonsuppressing bacterial strains were observed. In previously reported studies, pseudorevertants of gene 59 mutants have been found to map to the T4-encoded uvsW gene (5, 33, 35) . To determine whether the suppressing mutation in our dda 59 double mutant was a deficiency in the uvsW gene, hosts containing a plasmid that expresses the uvsW gene, pLD-del6, were infected with our revertants (9) . If a deficiency in the uvsW gene allows our dda 59 mutant to grow, then expression of the wild-type uvsW gene from a plasmid should stop phage growth. A plasmid identical to pLD-del6 except for deletion of the promoter and Shine-Dalgarno sequences necessary for uvsW gene expression was used as a control (9) . dda 59 pseudorevertant PG21, like many other similar revertant mutants that we tested, did not produce plaques on hosts harboring a plasmid expressing the uvsW gene (Table 2 ). This result is not simply due to inappropriate expression of the uvsW gene, since wild-type phage growth was reduced only twofold in this host (Table 2 ). When hosts containing the expression vector alone were infected by 59 dda pseudorevertant PG21, there was a delay in DNA synthesis compared with wild-type phage, like that seen with dda mutant phage (Fig. 3) . These results suggest that the gene 59 deficiency, but not the dda deficiency, is suppressed in this pseudorevertant and that the suppression is due to a deficiency in the uvsW gene. Infections were carried out as described for panel A, except that different mutant phage were used: the gene 59 mutant was amHL628, and the 59 dda double mutant phage was amHL628sudl (10, 33) .
DISCUSSION
be too short for binding by gene 41 protein alone, so few, if any, normal replication forks are formed. We have proposed in the model in Fig. 4 that the first steps in both origin unwinding (early) and genetic recombination (late) are normal in the dda 59 double mutant. These initial steps could involve some DNA synthesis, which escapes detection when [3H]thymidine incorporation is measured. The uvsW mutation suppresses the gene 59 protein deficiency but not the Dda protein deficiency. In the scheme diagrammed in Fig. 4 , an additional mutation in the uvsWgene would allow the 59 dda double mutant to produce phage by enabling DNA synthesis to occur during late times of infection-possibly by allowing an alternate form of replication initiation (9, 28) that does not require either Dda or the gene 59 product.
The model in Fig. 4 early times after infection ( Fig. 2 and references 5 and 33) or in the replication of plasmids containing a T4 origin (22) . Another possible alternative to the model presented in Fig.  4 is that early in a dda mutant phage infection, the gene 59 protein loads the gene 41 protein at D loops created by genetic recombination. However, the presence of recombination intermediates at early times is a matter of controversy. By using a density shift technique, Dannenberg and Mosig detected a change in phage DNA density that they interpreted to be a result of genetic recombination 5 to 6.5 min after phage infection (1 min after the onset of DNA replication) (6). However, others have detected genetic recombination only 15 to 20 min (4) and 11 min (19, 20) DNA synthesis 20 to 25 min after infection with phage carrying mutations in genes involved in DNA recombination (5) may mean that DNA replication is initiated from recombinational intermediates only after several rounds of origin-dependent replication have occurred.
In summary, we have generated a T4 dda mutant phage and used this phage to construct dda 59 double mutants. The dda mutant phage have a DNA delay phenotype, which is extended to a severe block in early DNA synthesis when the phage is also a gene 59 mutant. This result suggests that both the dda and gene 59 proteins play a role in the origin-dependent DNA replication which occurs at early times of infection. A model for the roles of the Dda and gene 59 proteins based on our genetic results that is based on their in vitro biochemical properties can be derived. Verification of the suggested roles of these two proteins is likely to require reconstitution of the T4 DNA replication initiation process in a purified in vitro system containing a T4 replication origin (3, 21, 22 
